A FIELD-EFFECT TRANSISTOR USING A GROUP III-V COMPOUND 



SEMICONDUCTOR 



BACKGROUND OF THE INVENITON 



Field of the invention 



The present invention relates to a field-effect 
transistor using a Group III-V compound semiconductor, and 
10 more particularly to a high electron mobility transistor 
in which the impact ionization effect can be suppressed. 



2 . Description of the Related Art 



15 In a high electron mobility transistor (HEMT) which 

is a field-effect transistor using a Group III-V compound 
semiconductor, an electron supply layer including a dopant 
is laminated with a channel layer containing no dopant, a 
two-dimensional electron gas is generated in the channel 

20 layer, and the electrons flow in the channel layer 

containing no dopant so that a high-speed characteristic 
is obtained. Owing to this high-speed characteristic, the 
HEMTs have been widely used, for example, in amplifiers 
employed in communication systems. 

25 In the conventional HEMTs , it was suggested to employ 

an In!_ x Ga x As layer as the channel layer where the 
electrons flow, thereby further improving performance by 
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using high electron mobility and high concentration of the 
two-dimensional electron gas produced in Ini_ x Ga x As. Such 
HEMTs are fabricated by laminating a layer of a Group III- 
V compound semiconductor lattice matched to the InP 

5 substrate surface. The composition ratio of Ini_ x Ga x As in 
this case is x = 0.47. A structure in which the lattice 
constants of the layer laminated on a substrate is not 
significantly different from the lattice constants of the 
substrate is called a pseudomorphic structure. However, 

10 even when the lattice of the laminated crystal layer 

shifts from that of the substrate, when the thickness of 
this crystal layer is no more than the critical thickness, 
the crystal growth can be conducted without loosing the 
properties of the crystal layer. In such case, the above- 

15 mentioned composition ratio of Ini_ x Ga x As is not limited to 
x = 0.47. 

FIG. 5 illustrates a conventional configuration of a 
HEMT using the Ini_ x Ga x As layer as the channel layer. In 
such InP-type HEMT, an I -type (intrinsic ; undoped) lni_ 

20 yAlyAs buffer layer 102 almost lattice matched to InP, an 
I-type In!_ x Ga x As channel layer 104, and I-type Ini_ y Al y As 
spacer layer 105, and an N-type Ini_ y Al y As electron- 
supplying layer 106 including a dopant such as Si are 
laminated on a semi-insulating InP substrate 101. An I- 

25 type In^yAlyAs barrier layer 107 and a cap layer 108 are 
laminated on the electron-supplying layer 106, ohmic 
electrodes 109 serving as source and drain electrodes are 
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formed on the cap layer 108, and a gate electrode 110 is 
formed on the barrier layer 107. 

The Ini_ x Ga x As channel layer 104 lattice matched to 
InP can increase the difference in the bottom energy level 
5 of conduction band at the interface with the n-Ini_ y Al y As 
electron-supplying layer 105 which is also lattice matched 
to InP, and the concentration of the two-dimensional 
electron gas generated in the channel layer 104 can be 
increased accordingly. The two-dimensional electron gas 

10 layer with a high concentration can increase the drain 
current and raise the current drive capability of the 
transistor. Furthermore, since the Ini_ x Ga x As channel layer 
104 itself has a high electron mobility, the increase in 
the drain current can be made steep even in a low electric 

15 field with a low voltage between the drain and the source 
so that a high-speed response can be achieved. 

However, a problem associated with such InP-type HEMT 
is that the drain resistance increases in current stress 
tests conducted at a high temperature. This is apparently 

20 because the Ini_ x Ga x As channel layer contributing to the 

high-speed characteristic, as described above, has a small 
energy band gap and, therefore, the impact ionization 
ratio during the application of a high electric field is 
increased, the electron-hole pairs generated by the impact 

25 ionization produce an excess current in the drain, and the 
drain resistance is degraded. The excess current caused by 
such impact ionization is observed as a drain conductance 
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increase in the current -voltage characteristic of the HEMT 
and represents a serious problem from the standpoint of 
circuit design. In the I - V characteristic of the 
transistor, the drain conductance increase is represented 
5 by a kink. 

In order to suppress such kink, a HEMT using an lni_ 
x Ga x ASi_ y P y layer as a channel layer has been suggested. For 
example, Japanese Patent Application Laid-open No. H6- 
236898 disclosed a HEMT in which an Ini_ x Ga x ASi_ y Py channel 

10 layer and an Ini-. y Al y As electron-supplying layer were 

laminated on an InP substrate. Furthermore, in order to 
avoid the decrease in the concentration of two-dimensional 
electron gas in the Ini_ x Ga x ASi_ y P y layer, it was suggested 
to use a two-layer channel structure composed of an Ini_ 

15 x Ga x As layer and an Ini_ x Ga x Asi_ y P y layer. 

FIG. 6 illustrates the conventional configuration of 
a HEMT using the two-layer channel layer composed of Ini_ 
x Ga x As and Ini_ x Ga x ASi_ y P y . Layers identical to those shown 
in FIG. 5 are assigned with the same reference numbers. 

20 The difference between the HEMT shown in FIG. 6 and that 
shown in FIG. 5 is in that the I-type (undoped) Ini_ x Ga x As 
channel layer 104 is formed in addition to the I-type 
(undoped) Ini_ x Ga x ASi_ y P y channel layer 103 formed on the 
buffer layer 102. Thus, when the channel layer comprises 

25 an undoped Ini_ x Ga x Asi_ y P y layer and an lni_ x Ga x As layer, the 
Ini_ x Ga x As is provided at the side of the electron- 
supplying layer 106, which has a narrow band gap and a 
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higher difference in the energy of conduction band at the 
interface with the electron-supplying layer, thereby 
increasing the concentration of two-dimensional electron 
gas, and the Ini_ x Ga x ASi_ y P y layer with a low impact 
5 ionization ratio is provided at the side of the buffer 
layer 102. 

However, in the HEMT structure shown in FIG.S 5 and 6, 
a separation groove from the cap layer 108 to the buffer 
layer 102 has to be formed for the purpose of isolation. 

10 The formation of the separation groove is usually 

conducted by wet etching. In this case, if the Ini_ x Ga x Asi_ 
y Py layer is used as the channel layer shown in FIG. 6, a 
wet etching process has to be used which is different from 
that employed for the other layers using only As as the 

15 Group V semiconductor. Generally, the compound 

semiconductor layer using P as the Group V semiconductor 
requires a wet etching process different from a wet 
etching process required for the compound semiconductor 
layer containing no P. Therefore, the element separation 

20 process employed in the fabrication of the conventional 
HEMT structure shown in FIG. 6 was complicated and 
unsuitable for actual mass production. 

Furthermore, in order to lattice match the Ini_ x Ga x ASi_ 
y Py layer with the InP substrate, it is necessary to 

25 control the composition ratio x of the Group III element 
and the composition ratio y of the Group V element at the 
same time. In addition, the mixed crystals of the Group V 
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are typically difficult to grow. 

SUMMARY OF THE INVENTION 

5 With the forgoing in view, it is an object of the 

present invention to provide a high electron mobility 
transistor (HEMT) which can be fabricated by a simple 
process, has a channel layer with a high electron mobility 
in a low electric filed, and also with a suppressed impact 

10 ionization in a high electric field. 

In order to attain this object, in accordance with 
one aspect of the present invention, a high electron 
mobility transistor using a Group III-V compound 
semiconductor comprises an undoped second channel layer 

15 laminated on an InP substrate via a buffer layer, an 
undoped first channel layer laminated on the second 
channel layer, and a doped electron-supplying layer 
laminated on the first channel layer. The first channel 
layer is composed of Ini_ x Ga x As and has an energy level of 

20 conduction band lower than that of the electron -supplying 
layer at the interface. The second channel layer is 
composed of a Group III-V compound semiconductor using a 
Group V element other than P, has an energy level of 
conduction band higher than that of the first channel 

25 layer, and has a band gap wider than that of the first 
channel layer. 

In the preferred embodiment of the above-described 
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present invention, the electron-supplying layer is 
composed of Ini_ y Al y As, the first channel layer is composed 
of Ini_ x Ga x As, the second channel layer is composed of lni_ 
x ( Al!_ z Ga z ) x As , and the buffer layer is composed of Ini_ 
5 yAlyAs. With such combination, a sufficient difference in 
the energy levels of conduction bands can be formed 
between the first channel layer of Ini_ x Ga x As and the 
electron-supplying layer of N-type Ini_ y Al y As, the 
concentration of two-dimensional electron gas can be 

10 increased, and a high-speed characteristic in a low 

electric field can be obtained owing to a high electron 
mobility of Ini_ x Ga x As . 

Furthermore, since a second channel layer of Ini_ x (Ali_ 
z Ga z ) x As is formed at the buffer layer side in addition to 

15 the first channel layer of Ini_ x Ga x As, the increase in the 
drain conductance caused by impact ionization in a high 
electric field can be prevented. In other words, since in 
a high electric field the majority of the flowing 
electrons flow in the second channel layer, the impact 

20 ionization effect is suppressed more effectively than when 
only the first channel layer of Ini_ x Ga x As is formed. 

Moreover, with the above-described combination, all 
layers of the buffer layer, the first and second channel 
layers, and the electron-supplying layer formed on the InP 

25 substrate contain no P and use only As as the Group V 
semiconductor. Therefore, the process of forming the 
isolation groove (isolation mesa etching) can be 
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simplified. Furthermore, the growth of the second channel 
layer also can be simplified. Further, antimony (Sb) may 
be introduced in As as the Group V semiconductor. 

In the above-described combination, the composition 
5 ratio (1-z) of Al in the second channel layer In!_ x (Ali_ 
z Ga z ) x As is preferably within a range of about 0.1-0.5. If 
the composition ratio of Al is too high, the composition 
becomes close to that of the buffer layer of Ini_ y Al y As and 
the discontinuity of conduction band energy cannot be 

10 formed at the interface between the second channel layer 
and the buffer layer. As a result, at least two quantum 
levels are easily formed in the first channel layer. 
Furthermore, if the composition ratio of Al is too low, 
the composition becomes close to that of the first channel 

15 layer of lni_ x Ga x As and impact ionization cannot be 

efficiently suppressed. Thus, by incorporating Al, which 
is a Group III element, in the first channel layer of Ini_ 
x Ga x As, the second channel layer is enabled to have a wider 
band gap than that of the first channel layer, and to 

20 obtain a conduction band energy level between those of the 
first channel layer and buffer layer, while maintaining 
lattice matching with the InP substrate. Thus, the 
combination becomes that of the first channel layer of 
Ino.53Gao.47As and the second channel layer of In 0 . 53 <Ali_ 

25 z Ga z ) 0 .47As. 

In accordance with the above-described invention, the 
first and second channel layers are preferably formed to 
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be so thin as to have discrete quantum levels therein, 
with the first quantum level being formed only in the 
first channel layer and the second quantum level being 
spread over the first and second channel layers. With such 
5 thickness control, the electrons are mainly distributed to 
the first quantum level in the first channel when a low 
electric field is applied between the drain and the source, 
but when a higher electric field is applied, the electrons 
are also distributed to the second quantum level present 

10 in the first and second channel layers. Thus, in a low 
electron filed, the electrons mainly flow in the first 
channel layer of lni_ x Ga x As, whereas in a high electric 
field they also flow in the second channel layer of Ini_ 
x (Ali_ z Ga z ) x As . As a result, a high electron mobility in a 

15 low electric field and a low impact ionization ratio in a 
high electric field can be achieved at the same time. 

In order to achieve the above quantization, it is 
desired that the thickness of the first channel layer of 
Ini_ x Ga x As be, for example, 3-7 nm and that of the second 

20 channel layer of lni_ x (Ali_ z Ga z ) x As be, for example, of 10-20 
nm. 

In another aspect of the above-described invention, 
the electron-supplying layer is composed of Ini_ y Al y As, the 
first channel layer is composed of Ini_ x Ga x As, the second 
25 channel layer is composed of lni_ x2 Ga x2 As which has a lower 
composition ratio of In and a higher composition ratio of 
Ga than those in the first channel layer, and the buffer 
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layer is composed of In L _yAl y As. In this case, the second 
channel layer is composed of lni_ x2 Ga x2 As which has a lower 
composition ratio of In and a higher composition ratio of 
Ga than those in the first channel layer and the lattice 
5 constants of this layer do not necessarily match those of 
Ini_ y Al y As of the buffer layer. However, if the film growth 
is conducted to a thickness of no more than the critical 
film thickness at which the lattice constants are not 
changed, a second channel layer can be implemented whose 

10 conduction band energy level is higher and band gap is 
wider than those in the first channel layer of Ini_ x Ga x As 
and which is lattice matched to InP. Moreover, since such 
second channel layer containing no P in the Group V 
semiconductor, the isolation mesa etching process can be 

15 simplified. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 illustrates the configuration of the HEMT of 
20 an embodiment; 

FIG. 2 illustrates bottom energy levels of conduction 
band in various layers across the depth from the gate 
electrode 10 of the HEMT of the embodiment; 

FIG. 3 illustrates current-voltage characteristics in 
25 the embodiment and conventional example; 

FIG. 4 illustrates the configuration of the HEMT of 
the second embodiment; 
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FIG. 5 illustrates the configuration of the HEMT 
using the conventional In x _ x Ga x As layer as the channel 
layer; and 

FIG. 6 illustrates the configuration of the HEMT 
5 using the conventional Ini_ x Ga x As and Ini_ x Ga x ASi_ y Py two- 
layer channel layer. 

DESCRIPTION OF THE PREFERRED EMBODIMENTS 

10 The preferred embodiment of the present invention 

will be described below with reference to the drawings . 
However, the scope of protection of the present invention 
is not limited to the below-described embodiments and 
covers the invention described in the claims and 

15 equivalents thereof. 

FIG. 1 shows a configuration of the HEMT of the 
present embodiment. In FIG. 1, two HEMTs are formed in 
parallel and an isolation groove 11 extending from the 
surface to the buffer layer 2 is formed therebetween. In 

20 the HEMT of this embodiment, an undoped (I type) Ini_ y Al y As 
buffer layer 2 with a thickness, for example, of 200 nm, 
an undoped Ini_ x (Ali_ z Ga z ) x As second channel layer 3 with a 
thickness, for example, of 10 nm, an undoped Ini_ x Ga x As 
first channel layer 4 with a thickness, for example, of 5 

25 nm, an undoped Ini_ y Al y As spacer layer 5 with a thickness, 
for example, of 3 nm, an n-type Ini_ y Al y As electron- 
supplying layer 6 doped with Si to 5 x 10 18 /cm 3 and having 
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a thickness, for example, of 7 nm, and an undoped Ini_ 
yAlyAs barrier layer 7 with a thickness, for example, of 10 
nm are successively formed on a semiconductor insulating 
InP substrate 1. In order to form a transistor, a cap 
5 layer 8 having a three-layer structure of 

InP/ln 0 .52Alo.48As/Ino.53Ga 0 .47As is further laminated on the 
barrier layer 7 . A MOCVD method is an appropriate growth 
method . 

In all of those layers, from the buffer layer 2 to 

10 the barrier layer 7, the composition ratios of respective 
Group III elements is selected so as to lattice match with 
the InP substrate 1. Therefore, the buffer layer 2, spacer 
layer 5, electron-supplying layer 6, and barrier layer 7 
are preferably In 0 .52Al 0 .48As and the first channel layer is 

15 preferably Ino.53Gao.47As. Further, it is preferred that in 
the second channel layer of Ini_ x (Ali_ z Ga z ) x As , the 
composition ratio (1-x) of In be within a range of 
0.53-0.52, the combined composition ratio x of Al and Ga 
be within a range of 0.47-0.48, and the composition ratio 

20 (1-z) of Al for Al and Ga be within a range of 0.05-0.5. 

This composition ratio of Al to Ga will be described below. 

After the buffer layer 2, second channel layer 3, 
first channel layer 4, spacer layer 5, electron-supplying 
layer 6, barrier layer 7, and cap layer 8 have been 

25 laminated on the InP substrate 1, an element separation 
groove 11 extending from the surface to the buffer layer 2 
is formed by the ordinary lithography process. In the 
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figure, the separation groove 11 passes through the entire 
buffer layer 2, but it is preferred that the separation 
groove stops inside the buffer layer 2. The element 
separation groove 11 is formed by removing 
5 Ino.53Gao.47As/Ino.52Alo.4sAs of the cap layer 8 by wet etching 
with a mixture of phosphoric acid, aqueous hydrogen 
peroxide, and water, then removing InP of the cap layer 8 
by wet etching with a mixture of hydrochloric acid and 
phosphoric acid, and then removing the remaining layers to 

10 the buffer layer by wet etching with a mixture of 

phosphoric acid, aqueous hydrogen peroxide, and water. In 
the etching process, once InP of the cap layer 8 has been 
removed, the only Group V element in all of the layers 2-8 
is As and the layers contain no P. Therefore, the element 

15 separation groove 11 can be formed by a simple etching 
process using the above-described etching solutions. 

Then, the area outside the recess area surrounding a 
gate electrode 10 is masked by a well-known lithography 
process, a portion of the cap layer 8 is etched out with a 

20 mixture of phosphoric acid, aqueous hydrogen peroxide, and 
water, this mixture, for example, being identical to the 
aforesaid mixture, and an InP stopper layer located 
immediately above the Ini_ y Al y As barrier layer 7 is exposed. 
Ohmic electrodes 9, for example having a Ti/Pt/Au three- 

25 layer structure, are then formed on the remaining cap 
layer 8 by mask patterning, deposition, and lift-off 
method. Then, a gate electrode 10, for example, consisting 
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of Al is formed on the InP stopper layer by mask 
patterning, deposition and lift-off method. Then, the InP 
stopper layer can also be removed by etching. This etching 
can be wet etching using a mixture of hydrochloric acid 
5 and phosphoric acid. When the InP stopper layer is removed 
the gate electrode 10 is directly connected to the barrier 
layer 7. 

In the above-described HEMT structure, As is the only 
Group V element composing all of the layers from the 

10 buffer layer 2 to the barrier layer 7, including the 

channel layer 3. Therefore, when those layers are formed 
by a MOCVD method, the composition ratio of Group III 
elements can be easily controlled. For example, since the 
buffer layer 2, spacer layer 5, electron-supplying layer 6 

15 and barrier layer 7 are Inx-yAlyAs (ys0.48), a film which 
is lattice matched to InP can be grown by controlling only 
the composition ratio x of In and Al which are the Group 
III elements. A film of Ini- x Ga x As (xs0.47) of the first 
channel layer 4 can be also grown so as to be lattice 

20 matched to the InP substrate by controlling only the 
composition ratio of In and Ga which are the Group III 
elements. Furthermore, Ini_ x (Al 1 _ z Ga z ) x As of the second 
channel layer 3 can be lattice matched to the InP 
substrate 1 by controlling the composition ratio x of In 

25 and (Al!_ z Ga z ) which are the Group III elements, without 
controlling the composition ratio z of Al and Ga. However, 
the transistor performance should be increased by 
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controlling the composition ratio z of Al and Ga to a 
certain range, as described below. 

On the other hand, in the conventional example shown 
in FIG. 6, the second channel layer 103 is Ini_ x Ga x ASi_ y P y 
5 where the Group III elements are In and Ga and Group V 
elements are As and P. Therefore, film growth has to be 
conducted by controlling both composition ratios x, y of 
the elements of both groups. Moreover, mixed crystals of 
Group V elements are relatively difficult to grow or 

10 control. In this terms, too, the formation of the second 
layer using Ini_ x (Ali_ z Ga z ) x As in the present embodiment is 
more practical. 

FIG. 2 illustrates the bottom energy levels of 
conduction bands of various layers across the depth from 

15 the gate electrode 10 of the HEMT of the present 

embodiment. In the figure, the layers laminated under the 
gate electrode 10 are represented by numbers 2-8. The 
layer 8 is a part of IuP layer of the cap layer 8, on 
which the gate electrode is provided. Since the electron- 

20 supplying layer 6 and the spacer layer 5 and barrier layer 
7 located above and below thereof are all Ini_ y Al y As 
(ys0.48), the electron affinity is comparatively low and 
the bottom energy level of conduction band is higher. By 
contrast, the first channel layer 4 is Ini_ x Ga x As (x^O.47) 

25 and is lattice matched to the electron-supplying layer 6 
or spacer layer 5. Its electron affinity is higher than in 
these layers and the bottom energy level of conduction 
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band is lower. 

Since the buffer layer 2 is Ini_ y Al y As (ys0.48), same 
as the electron-supplying layer 6, its electron affinity 
is comparatively lower and the bottom energy level of 

5 conduction band is higher. By contrast, in Ini_ x (Ali_ z Ga z ) x As , 
which is the material of the second channel layer 3, the 
addition of Al element to Ini_ x Ga x As, which is the material 
of the first channel layer 4, makes it possible to control 
the electron affinity to a value between that of Ini_ x Ga x As 

10 (xs0.47) and that of Ini_ y Al y As (y*0.48), while maintaining 
the lattice match. 

Here, controlling the composition ratio of Al element 
in Ini_ x (Ali_ z Ga z ) x As of the second channel layer 5, as 
described above, to about (1-z) = 0.05-0.5 makes it 

15 possible to obtain a layer having a bottom energy level of 
conduction band between that of the first channel layer 4 
and that of the buffer layer 2, while maintaining the 
lattice match. Moreover, the band gap (width of forbidden 
zone) of Ini_ x (Ali_ z Ga z ) x As of the second channel layer can 

20 be made greater than that of Ini_ x Ga x As of the first 

channel layer 4. Therefore, the impact ionization ratio of 
Ini_ x (Ali_ z Ga z ) x As of the second channel layer 3 is decreased 
by comparison with that of Ini_ x Ga x As of the first channel 
layer 4. Further, it can be readily understood that the 

25 higher is the composition ratio of Al in Ini_ x (Ali_ z Ga z ) x As, 
the closer this composition to Ini_ y Al y As (ys0.48) of the 
electron-supplying layer 6 or buffer layer 2 . 
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The first and second channel layers 4, 3 are formed 
so thin as to provide for quantization. As a result, 
energy levels discretely appear in those channel layers 4, 
3. As shown in FIG. 2, in this embodiment, the thickness 
5 of respective films 3, 4 and the composition ratio of Al 
element in the second channel layer 3 are controlled so 
that the first quantum level el is present only in the 
first channel layer 4 and the second quantum level e2 is 
present in the first and second channel layers 4, 3. In 

10 the example shown in FIG. 2, the composition ratio of Al 
is 1-z = 0.2, the thickness of lni_ x Ga x As of the first 
channel layer 4 is 5 nm, and the thickness of Ini_ y Al y As of 
the second channel layer 3 is 10 nm. 

The inventors tested the HEMT shown in FIG. 1 and 

15 checked the characteristics thereof. One of the reasons 
for using Ini_ x Ga x As for the first channel layer 4 is a 
high electron mobility and high concentration of two- 
dimensional electron gas therein. A high concentration of 
two-dimensional electron gas can increase the current 

20 drive capability and mutual conductance. Here, the 

addition of Ini_ x (Ali_ z Ga z ) x As as the second channel layer 5 
should not lose the aforesaid high electron mobility and 
mutual conductance. 

FIG. 3 shows current-voltage characteristics relating 

25 to the present embodiment and a conventional example. FIG. 
3A is a current-voltage characteristic in the HEMT shown 
in FIG. 1, for example, relating to a case when the 
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composition ratio of Al element in the second channel 
layer is about 0.2. FIG. 3B is a current -voltage 
characteristic in the HEMT shown in FIG. 5. In both cases, 
the drain-source voltage VDS is plotted against the 
5 abscissa and the drain-source current IDS is plotted 

against the ordinate. The VDS-IDS characteristics relate 
to a case when the respective gate voltage was changed. 

In the conventional example shown in FIG. 3B(2), the 
channel layer is composed only of Ini_ x Ga x As. If the drain- 

10 source voltage VDS rises, the excess current in the drain 
increases, the inclination of the drain-source current IDS 
rapidly increases, and the drain conductance rises. By 
contrast, in the embodiment illustrated by FIG. 3A, the 
channel layer was a composite film consisting of Ini_ x Ga x As 

15 and Ini_ x (Ali_ z Ga z ) x As . As a result, the excess current was 
suppressed in the drain and no rapid increase in the 
drain-source current was observed. 

FIG. 3 demonstrates that the addition of the second 
channel layer 3 makes it possible to suppress the drain 

20 conductance. Table shown below presents the results 
obtained by measuring the electron mobility, mutual 
conductance or trans conductance gm, and drain conductance 
gd when the composition ratio of Al element in the second 
channel layer was changed in the above-described 

25 embodiment . 

Table 1 
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Characteristics of HEMT using the first and second 
channel layers 



Composition 


Electron 


Mutual 


Drain 


ratio of 


mobility 


conductance 


conductance 


Al element 


H(cm 2 /V/s) 


(ms /mm) 


gd(ms/mm) 


0.0 


10,550 


903 


100 


0.1 


10,300 


836 


85 


0.2 


8,945 


813 


50 


0.3 


8,260 


815 


40 


0.5 


7,500 


800 


30 



5 The characteristics of the above-described HEMT 

clearly show that even when Ini_ x (Ali_ z Ga z ) x As of the second 
channel layer is added, if the composition ratio of Al 
element is relatively low, the decrease in the electron 
mobility is made comparatively small. Furthermore, a 

10 comparatively small decrease is also achieved for the 
mutual conductance gm which is directly related to the 
current drive capability of transistor. By contrast, it 
was found that the drain conductance gd is suppressed 
significantly and therefore the addition of the second 

15 channel layer suppresses the impact ionization effect in a 
high electric field. 

The aforesaid table shows that the appropriate 
composition ratio of Al in the second channel layer is 
about 0.05-0.5. When the composition ratio of Al element 

20 is 0.1, the drain conductance is greatly decreased. 

Therefore, a sufficient effect can be expected even at the 
composition ratio of about 0.05. Furthermore, it can be 
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seen that if the composition ratio of Al element is 0.3, 
the decrease of the mutual conductance gm reaches a 
certain degree of saturation. Therefore, even if the 
composition ratio of Al element is increased to about 0.5, 

5 the drain conductance gd can be decreased significantly 
while the decrease in the mutual conductance is, 
conversely, being suppressed, . 

Furthermore, the aforesaid table demonstrates that 
it is even more preferred that the composition ratio of Al 

10 element in the second channel layer be 0.1-0.3, As shown 
in the table, when the composition ratio is within this 
range, the decrease in the drain conductance caused by lni_ 
x (Ali_ z Ga z ) x As of the second channel layer can be obtained 
almost without any loss in a high electron mobility and 

15 high mutual conductance caused by Ini_ x Ga x As of the first 
channel layer. 

The operation of the HEMT of the present embodiment 
will be explained below with reference to FIG. 2. The 
electrons present in the electron-supplying layer 6 are 

20 supplied to the channel layers 4, 3 and a two-dimensional 
electron gas is generated in the channel layers. In a 
region with a lower electric field in which the drain- 
source voltage is lower, the electrons are mainly present 
at the first quantum level el in the first channel layer 4 . 

25 Therefore, in a lower electric field, the electrons flow 
in the first channel layer 4 of Ini_ x Ga x As having a high 
electron mobility. Therefore, a high-speed response 
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similar to that of the conventional example shown in FIG. 
5 can be realized. 

In a region with a higher electric field in which the 
drain-source voltage is higher, the electron energy level 
5 rises and the electrons are mainly present at the second 
quantum level e2 . Since a larger number of electrons in 
second quantum levels e2 exist in the second channel layer 
3 with a higher band gap, the impact ionization effect can 
be suppressed significantly. 

10 In the embodiment illustrated by FIG. 1, antimony, Sb 

may be introduced in the mixed crystal as the Group V 
element, which represents a modification of the second 
channel layer. When Sb is admixed, etching can be 
conducted with a mixed etching solution of phosphoric acid 

15 aqueous hydrogen peroxide, and water, and the wet etching 
process used to form an element separation groove can be 
greatly simplified. Furthermore, forming Ini_ x (Ali_ 
z Ga z ) x (Asi_ z2 Sb z2 ) can make the energy gap greater than that 
in Ini_ x Ga x As and smaller than that in Ini_ y Al y As . Therefore, 

20 in this modification, even though the control in the MOCVD 
process becomes complex, but etching of the element 
separation groove is simplified. 

FIG. 4 shows the configuration of the HEMT of the 
second embodiment. In the second embodiment, the material 

25 of the second channel layer 3 is Ini_ x Ga x As; all other 

components are the same as in the first embodiment shown 
in FIG. 1. In order to increase the band gap of the second 
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channel layer 3 by comparison with that of the first 
channel layer 4 and to make the bottom energy level of the 
conduction band higher than that in the first channel 
layer 4 and lower than that in the buffer layer 2, the 

5 composition ratio of In element in the second channel 
layer 3 is reduced, for example, to 0.35 by comparison 
with that in the first channel layer 4. Accordingly the 
composition ratio of Ga component becomes 0.65. 

Ino.53Gao.47As of the first channel layer 4 and 

10 Ino.35Gao.65As of the second channel layer 3 are not lattice 
matched. However, the lattice constants of the laminated 
crystal layers can be matched by controlling the thickness 
of the second channel layer 3 to a value less than the 
critical film thickness at which the lattice constants of 

15 the grown films in a growth plane are not changed. The 

thickness of the above-described second channel layer 3 of 
10-20 nm is less than the aforesaid critical film 
thickness . 

Using Ino.35Gao.65As as the second channel layer 3, as 
20 described above, can simplify etching of the element 

separation groove 11, similarly to the first embodiment. 
Moreover, the MOCVD growth process can be also simplified. 

In the above embodiments, the explanation was 
conducted under an assumption that one of Ini_ x (Ali_ z Ga z ) x As, 
25 Ini_ x (Ali_ z Ga z )x(ASi_ z2 Sb Z 2) , and lno.35Gao.e5As is used as the 
second channel layer 3 and the composition ratio of 
respective elements is constant in the thickness direction. 
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However, the present invention is not limited to such 
configuration and a graded layer can be also made in which 
the bottom energy level of conduction band increases 
successively from the first channel layer 4. If so, the 

5 composition ratio of Al increases gradually from 0 to 

0-05-0.5 in case of Ini_ x (Ali_ z Ga z ) x As and Ini_ x (Ali_ z Ga z ) x (ASi_ 
z2 Sb z2 ). In case of Ino.35Gao.e5As , the composition ratio of 
In decreases gradually from 0.53 to 0.35. Alternatively, 
the bottom energy level of conduction band in the second 

10 channel layer 3 may increase successively in a step-like 
fashion. 

Further, in the embodiments, the spacer layer 5 was 
provided between the electron-supplying layer 6 and the 
first channel layer 4, but the spacer layer 5 is optional. 
15 In accordance with the present invention, the 

increase of drain conductance in an InP-type HEMT in a 
higher electric field can be suppressed. 
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